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(54) Microwave heating apparatus 

(57) An apparatus for heating a flowing fluid with 
microwave energy comprising a conduit having an inlet 
portion, an outlet portion, and a retention portion 
wherein at least the retention portion of the conduit is 
fabricated from a material which is substantially micro- 
wave transparent. A temperature probe is provided for 
measuring the temperature of the flowing fluid in the 
outlet portion. The cross -sectional area of the retention 
portion is substantially greater than the cross-sectional 
area of the outlet portion such that the flow rate through 
the retention portion is slower than the flow rate through 
the outlet portion from the retention portion to the tem- 
perature probe. Microwave energy is used to heat the 
flowing fluid in the retention portion, the microwave 
energy being generated by a source which is controlled 
in response to a signal from the temperature probe. The 
retention portion of the conduit resides within a wave 
guide and passes transversely therethrough. The wave 
guide is dimensioned to allow a standing electromag- 
netic wave to be set up therein with the retention portion 
residing at a region of maximum field strength. 
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Description 

Field of the Invention 

The present invention relates to the heating of flow- 
ing fluids and fluid materials by application of microwave 
energy. The invention is particularly suitable for heating 
mixtures in the manufacture of photographic disper- 
sions and it will be described in relation to this context, 
but it is to be understood that the invention is not limited 
to this application. Generally, the invention may be used 
for the heating of a liquid or slurry that includes as a 
component or is composed of a dielectric substance 
that absorbs microwave energy to thereby heat the liq- 
uid or slurry. The invention is particularly useful for heat- 
ing lossy dielectric liquids or slurries that have a high 
viscosity. 

Background of the Invention 

Australian Patent No. 653050 discloses a process 
for manufacturing a photographic coupler dispersion in 
which a coupler/solvent mixture is continuously fed 
through a microwave heating station to cause dissolu- 
tion of the coupler. The application of microwave energy 
achieves relatively rapid heating of the mixture com- 
pared with conventional convection or conduction heat- 
ing. This rapid heating has the benefit of rapidly 
dissolving the coupler into a coupler solution to thereby 
minimize the likelihood of thermal degradation of the 
coupler. AU 653050 discloses microwave heating sta- 
tions wherein the coupler/solvent mixture is subjected to 
microwave energy for periods of between about 1 to 2 
minutes. 

In experiments to optimize a heating unit design 
and to achieve even shorter heating times the applicant 
experienced considerable difficulty in achieving minimal 
thermal degradation of the coupler along with satisfac- 
tory temperature control. For example, for a heating unit 
comprising a simple straight tube passing through a 
waveguide, it was found that with very short heating 
times (i.e. of the order of 7 seconds for a 50 g/min flow 
rate) the level of degradation of the coupler began to 
increase with diminishing heating time, which is the 
opposite of the expected pattern. This increasing degra- 
dation is thought to be the result of uneven flow distribu- 
tion of the coupler/solvent slurry across the width of the 
tube, the material closer to the wall moving more slowly 
than at the centre. Since an increase in energy flux is 
required to heat the faster moving central portion of the 
slurry, the slower moving material near the tube wall 
may experience substantially higher temperatures thus 
leading to an increase in the level of thermal degrada- 
tion of the coupler. 

Summary of the Invention 

An object of the present invention is to provide 
apparatus for rapidly heating a flowing fluid material 


such that thermal degradation of the material is mini- 
mized. Another object is to provide an apparatus that 
allows optimal temperature control for the rapid heating 
of a llowing fluid material. 

5 Thus there is provided apparatus for heating a flow- 

ing fluid material including, a chamber for receiving a 
microwave energy input for establishing an electric field 
therein, a conduit means passing through the chamber, 
the conduit means including a fluid flow passage and 

10 being made of a material such that a lossy dielectric 
fluid material flowing therethrough is substantially 
directly heated by a microwave electric field in the 
chamber, the conduit means being adapted for associa- 
tion with a temperature measurement means for meas- 

15 uring the temperature of a heated fluid material soon 
after exit of the fluid material from the chamber, wherein 
the fluid flow passage of the conduit means has a cross 
sectional area within the chamber such that the heating 
time for a flowing fluid material is substantially longer 

20 than the time delay to measurement of the temperature 
of that fluid material by a said temperature measure- 
ment means. 

According to the present invention therefore there is 
provided an apparatus for heating a flowing fluid with 

25 microwave energy comprising: 

(a) a conduit means including an inlet portion, a 
retention portion, and an outlet portion, at least said 
retention portion of said conduit means being fabri- 

30 cated from a material which is substantially micro- 
wave transparent; 

(b) a temperature probe for measuring the temper- 
ature of the flowing fluid in said outlet portion, said 
flowing fluid residing in said retention portion for a 

35 period which is substantially longer than the time 
required for the flowing fluid exiting said retention 
portion to reach said temperature probe; 

(c) means for heating the flowing fluid within said 
retention portion with microwave energy; 

40 (d) a control system for controlling said means for 
heating in response to a signal from said tempera- 
ture probe. 

Preferably the fluid flow passage of the conduit 
45 means is of increased cross sectional area within the 
chamber relative to its cross sectional area from its exit 
to a temperature measurement means. 

Preferably, the heating time for a flowing fluid mate- 
rial is at least ten times the time delay to measurement 
so of the temperature of the fluid material. Such a heating 
time is given by the following relationship: 

P 2 .H.A 2 ^10.P 1 .L.A 1 

55 where 

P 2 = average density of the flowing fluid material 

within the chamber 
= average density of the fully heated fluid 
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material 

H = length of conduit within the chamber 

L = length of conduit from the chamber to the 

temperature measuring means 
= cross sectional area of the fluid flow pas- 

sage from the chamber to the temperature 
measurement means 
A 2 = cross sectional area of the fluid flow pas- 

sage within the chamber. 

The chamber for receiving a microwave energy 
input may be any suitable microwave cavity and prefer- 
ably the conduit means is positioned therein such that a 
lossy dielectric fluid material flowing through the cavity 
via the conduit means is substantially maximally heated 
by an electric field within the cavity. Such maximal heat- 
ing will occur when the conduit means within the cavity 
coincides with a region of maximum electric field 
strength. Preferably the chamber is a suitable dimen- 
sioned waveguide structure which allows a standing 
wave to be set up such that a conduit means in the form 
of a straight section can be positioned to pass trans- 
versely through the wave guide at the region of maxi- 
mum electric field strength. 

In order to meet the condition that a fluid material 
flowing through the conduit means be substantially 
directly heated by a microwave electric field, the mate- 
rial of which the conduit means is composed (at least 
within the chamber) needs to be "microwave transpar- 
ent", that is, it must be a low loss dielectric material such 
that substantially no energy dissipation occurs therein. 
This will leave substantially all of the energy flux that 
impinges on the conduit means available for heating a 
fluid material that is flowing through the conduit means. 
Example materials for the conduit means are poly- 
tetrafluoroethylene (PTFE) and borosilicate glass. 

An embodiment of the invention will now be 
described, by way of example only, with reference to the 
accompanying drawings. The specific form and 
arrangement of the features of the invention shown in 
the drawings is not to be understood as limiting on the 
invention, the scope of which is to be determined 
according to the generality of the preceding description. 

Brief Description of the Drawings 

Figure 1 is a schematic diagram of an originally 
developed laboratory scale microwave heating 
apparatus, which is provided for comparison with a 
laboratory scale embodiment of the invention as 
shown in Figure 2; 

Figure 2 is a schematic diagram of a laboratory 
scale embodiment of the invention; 
Figures 3 and 4 are temperature profile graphs for 
the heating of dibutyl phthalate in apparatus as 
shown in, respectively, Figure 1 and Figure 2; 
Figures 5 and 6 are temperature profile graphs for 
the heating of a photographic coupler/solvent mix- 
ture in apparatus as shown in, respectively, Figure 


1 and Figure 2. 

Figures 7 and 8 show liquid chromatography data 
for assessing the level of thermal degradation of the 
coupler in coupler/solvent mixtures heated in appa- 
5 ratus as shown in, respectively, Figure 1 and Figure 

2; 

Figures 9 and 10 shown spectrophotometry data 
for assessing the level of thermal degradation of the 
coupler in coupler/solvent mixtures heated in appa- 
w ratus as shown in, respectively. Figure 1 and Figure 

2. 

For a better understanding of the present invention, 
together with other and further objects, advantages and 
is capabilities thereof, reference is made to the following 
detailed description and appended claims in connection 
with the preceding drawings and description of some 
aspects of the invention. 

20 Detailed Description of the Preferred Embodiments 

The heating apparatus 1 shown in Figure 1 includes 
a chamber, for receiving a microwave energy input, in 
the form of a section of rectangular waveguide 2, the 

25 dimensions of which are such as to propagate an input 
of microwave energy (not shown) in the TE 10 field 
mode. The waveguide section 2 is terminated by a short 
circuiting metal plate 3, which sets up a standing elec- 
tromagnetic wave inside the waveguide. 

30 A conduit means in the form of a straight length of 
tube 4 passes transversely through the waveguide sec- 
tion 2. Tube 4 is composed of a microwave transparent 
material such as the PTFE "Teflon", or another similar 
material. Ports 5 and 6, which are surrounded by cylin- 

35 drical extensions 7 and 8, are provided in opposite walls 
of the wave guide 2 to allow for entry and exit of the tube 
4. The cylindrical extensions 7 and 8 are quarter-wave- 
length chokes for preventing leakage of the microwave 
energy from the waveguide 2. The bore 9 of tube 4 pro- 

40 vides a constant diameter fluid flow passage through 
the waveguide, which passage is located at the region 
of maximum electric field strength. 

The conduit means 4 of the Figure 1 apparatus is 
adapted for association with temperature measuring 

45 means, in the form of RTD probe 10, by virtue of the 
bore 9 being of sufficient diameter 0 to receive the 
probe 10. 

The heating apparatus 1; which is only a laboratory 
scale, is designed for use with relatively small quantities 

so of material, which can be pumped through the heating 
chamber 2 at flow rates in the range, for example, of 20 
to 150 g/min. Microwave power at a frequency of 2450 
Mhz is provided by a single 1 kW magnetron. Heating 
occurs in the straight length of the tube 4 located within 

55 the chamber 2, which may be some 45 mm in length. A 
closed-loop temperature control system ( not shown) is 
employed in the process of heating a continuously mov- 
ing slurry consisting of a coupler/solvent mixture, which 
slurry is volurnetrically heated from room temperature to 
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the desired solubilization temperature as it passes 
through the 45 mm long heating zone. The residence 
time of the slurry inside the heating zone is very short, 
e.g. at a flow rate of 50 g/min the residence time is 
about 7 seconds. These very short residence times (rel- 
ative to time delay to the probe 10) present problems in 
achieving accurate temperature control. In fact; experi- 
ments with the apparatus 1 of Figure 1 revealed serious 
difficulties in achieving minimum thermal coupler degra- 
dation and satisfactory temperature control with such 
short residence times in the heating zone. Conse- 
quently, an apparatus as shown in Figure 2 has been 
developed to alleviate these difficulties. 

The heating apparatus 1 1 shown in Figure 2 gener- 
ally corresponds with that shown in Figure 1 except for 
the conduit means 4, as will be described below. Fea- 
tures of the Figure 2 apparatus that are the same as 
features of the Figure 1 apparatus have been accorded 
the same reference numeral. In the Figure 2 apparatus, 
there is a conduit means 1 4 which is different to the con- 
duit means 4 of the Figure 1 apparatus. Thus the heat- 
ing apparatus 1 1 shown in Figure 2 includes a conduit 
means 1 4 in the form of a straight length of PTFE or like 
material tube the bore of which has a larger diameter 0 2 
in the heating zone than in the inlet or exit passages 
(the exit passage diameter being shown as 0 1 on Fig- 
ure 2). The diameters 0-, and 0 2 are determined by the 
dimensions of the waveguide 2 and the position of the 
temperature probe 10 according to relationships to be 
described below (in Figure 2 the smaller diameter of the 
inlet tube is to reduce waste, however it is to be under- 
stood that the inlet tube could be of any diameter, for 
example it could be 0 2 ). 

A probe 10 is positionable within the bore of tube 4 
(of Figure 1) or tube 14 (of Figure 2) to measure the 
temperature of a sample heated fluid material soon after 
exit of the sample from waveguide 2. Probe 10 may be 
a 3 mm diameter RTD probe which, because of its con- 
ductive metal sheath, must be kept away from the 
microwave field. Probe 10 is therefore located some dis- 
tance downstream from the heating zone, as shown in 
Figures 1 and 2. This separation of the probe from the 
heating zone results in a significant delay between the 
heating of the sample and the measurement of its tem- 
perature. It is generally accepted that, for adequate tem- 
perature control, the sample heating time (t h ) be at least 
ten times the time delay to measurement (X^), i.e. 

t h ^10.t d (1) 

It was found experimentally that for heating appara- 
tus as described above the temperature probe 1 0 could 
be safely moved to within 33 mm of the waveguide cav- 
ity. However, since the heating zone is about 45 mm 
long, then for a straight Teflon insert 4 as shown in Fig- 
ure 1, the relationship in equation (1) cannot be real- 
ized. 

The transit time (t) of a sample traveling through 
conduit means 4 can be calculated from: 


t=[rc.(0) 2 .I.P]/4.u (2) 

where u = sample flow rate (kg.sec 1 ) 
P = sample density (kg.m* 3 ) 
5 0 = internal diameter of the tube 

I - length of the tube 

By altering the internal geometry of the tube to that 
shown in Figure 2, the relationship of equation (1) can 
10 be expressed, using equation (2), as: 

P 2 .H.(0 2 ) 2 ^1O.P 2 .L.(0 1 ) 2 (3) 

where P 2 = average density of the sample within the 
15 heating zone 

P-i = average density of the frilly heated sam- 
ple 

H = length of heating zone 
L = length from the microwave cavity to the 
20 temperature probe 

For the geometry of the heating apparatus of Fig- 
ures 1 and 2 the relationship given by equation (3) is 
just satisfied if 0 2 = 12.6 mm and 0^ = 5 mm. Smaller 

25 values of 0-j may lead to excessive pressures within the 
tube 14 for very viscous slurries, and may increase the 
chance of a blockage. Higher values of 0 2 may make 
tuning of the waveguide cavity difficult, and may also 
lead to excessive thermal gradients within the sample. 

30 Thus the above given internal diameters appear to be 
optimal for the laboratory scale apparatus as shown in 
Figure 2, but it will be appreciated that an industrial 
scale apparatus according to the invention will have dif- 
ferent values for 0 1 and 0 2 , which can be determined 

35 from equation (3) and appropriately scaling the ratio of 

0 2 tO 0-| . 

Comparative experiments (given below) with the 
new (Figure 2) and the normal (Figure 1) applicator 
designs showed a markedly lower level of thermal deg- 

40 radation with the new design at most flow rates. (The 
terms "applicator" or "unit" are alternative expressions 
for the apparatus shown in Figure 1 or Figure 2). 
Increasing the diameter 0 2 of the tube 14 in the new 
(Figure 2) apparatus design over the length of the heat- 

45 ing zone results in longer residence times and lower 
energy fluxes, at a given flow rate. 

Example 1 

so The solvent dibutyl phthalate was pumped through 
the new (Figure 2) and normal (Figure 1) applicators at 
a flow rate of 50 g/min and heated by microwave radia- 
tion to 138°C. The variability of the temperature control 
was determined by running the units for 1 0 minutes. The 

55 temperature profiles shown in Figures 3 and 4 indicate 
a much better variability with the new applicator design. 
The level of variability is expressed as 3 sigma (three 
times standard deviation). 
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Example 2 

2 kg of a photographic coupler (dye-forming mate- 
rial) was thoroughly mixed with an equal quantity of dib- 
utyl phthalate to form a uniform slurry at room 5 
temperature (about 20°C). The slurry was poured into 
the hopper of a Seepex progressive cavity pump, and 
then pumped through the microwave applicator at vari- 
ous flow rates. Microwave power was then applied to 
heat the mixture to the aim temperature of 138°C. io 
These experiments were performed with both the new 
(Figure 2) and normal (Figure 1 ) applicator designs. The 
variability of the temperature control was assessed by 
running the units at a flow-rate of about 50 g/min for 10 
minutes. The temperature profiles are shown in Figures 75 
5 and 6. It can be seen that the variability of the heating 
process is again much better with the new applicator. 

The level of thermal degradation was assessed by 
means of liquid chromatography and spectrophotome- 
try. With liquid chromatography, the degradation product 20 
of the coupler is indicated by a peak at a retention time 
of about 3 minutes. The results for samples heated in 
the normal applicator, with flow rates between 21 and 
53 g/min. are presented in Figure 7. The 53 g/min sam- 
ple showed the largest degradation peak. In contrast. 25 
the samples heated with the new applicator at flow rates 
from 17 to 87 g/min. showed virtually no degradation 
except at the lowest flow-rate of 17 g/min (Figure 8). 

The visible spectra of the heated mixture exhibited 
a large absorption peak which grew with increasing 30 
thermal degradation. The spectra of samples heated in 
the new applicator (see Figure 10) showed much lower 
absorption peaks than those of samples heated in the 
normal applicator (see Figure 9). 

The invention described herein is susceptible to 35 
variations, modifications and/or additions other than 
those specifically described and it is to be understood 
that the invention includes all such variations, modifica- 
tions and/or additions which fall within the spirit and 
scope of the above description. 40 

Claims 

1 . An apparatus for heating a flowing fluid with micro- 
wave energy comprising: 45 

(a) a conduit means including an inlet portion, a 
retention portion, and an outlet portion, at least 
said retention portion of said conduit means 
being fabricated from a material which is sub- so 
stantially microwave transparent; 

(b) a temperature probe for measuring the tem- 
perature of the flowing fluid in said outlet por- 
tion, said flowing fluid residing in said retention 
portion for a period which is substantially 55 
longer than the time required for the flowing 
fluid exiting said retention portion to reach said 
temperature probe; 

(c) means for heating the flowing fluid within 


said retention portion with microwave energy; 
(d) a control system for controlling said means 
for heating in response to a signal from said 
temperature probe. 

2. An apparatus as recited in claim 1 wherein: 

said period is at least ten times longer than 
the time required for the flowing fluid exiting said 
retention portion to reach said temperature probe. 

3. An apparatus as recited in claim 1 wherein: 

said means for heating includes a 
waveguide, said conduit means passing trans- 
versely through said waveguide such that said 
retention portion of said conduit means resides 
within said waveguide. 

4. An apparatus as recited in claim 3 wherein: 

said waveguide is dimensioned to allow a 
standing electromagnetic wave to be set up therein. 

5. An apparatus as recited in claim 4 further compris- 
ing: 

a cylindrical extension protruding from each 
side of said waveguide, said conduit means 
passing through said cylindrical extensions, 
said cylindrical extensions serving as quarter- 
wavelength chokes for preventing leakage of 
microwave energy from said waveguide. 

6. An apparatus as recited in claim 3 wherein: 

said conduit means passes through said 
waveguide such that said retention portion resides 
at a region of maximum field strength. 

7. An apparatus as recited in claim 1 wherein: 

said material is polytetraf luoroethylene. 

8. An apparatus as recited in claim 1 wherein: 

said material is borosilicate glass. 

9. An apparatus as recited in claim 1 wherein: 

said retention portion has a first inside diam- 
eter, and said outlet portion has a second inside 
diameter, said first inside diameter being larger 
than said second inside diameter. 

10. An apparatus as recited in claim 1 wherein: 

said outlet portion extends from said reten- 
tion portion to said temperature probe. 

11. An apparatus as recited in claim 10 wherein: 

said retention portion has an inside diameter 
(0 2 ) and a length (H), and said outlet portion has 
an inside diameter (0 n ) and a length (L) such that 
there is a relationship between said retention por- 
tion and outlet portion can be described as 
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P 2 H(0 2 ) 2 ^1OP 1 L(0 1 ) 2 


where P-, is the average density of the fluid within 
said outlet portion and P 2 is the average density of 
the fluid within said retention portion. 5 
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